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Absfrad

“1’his ~mpcr (Iiscuwcs  Ilm (icrl]ollslratc.(i  ric.(xl[acy  alIct
u t i l i t y  of a ?-1> fil]ilc.  C.iC. rI-IClIl  lIlc.lhcJdolopy  f o r
whislrring  g.allcry nlo(ic .Sal)ldlilc IC.smmtors, “1’lm IIIOdC
solulim)s  ol)lail]cd lIy l}Jc. sof[warc.  coIII~)a Ic.(i witil
cxpc.r ime.r i lal  Ic.sui(s  for a whc.ci-sila]vxi  sap])hirc
Ic.sorlalor  give. an c.r IoI ill nmle. frc.quc[lcy of icss tlIalI
ff%. WC aiso siIrlw lmlls l}cr Illiliior]  afyC.  ClliCll[  wilh,. .

aliaiylical  scrlulions for  sillil)lc. gc.ollic.lric.s suciI as all
c.!li])ly  coax i:il Ic.sol]a(ol. ‘1’hc  (’YR1;  S ?1) ]IiNf
softu~aTc.  ~)acka~c  dcvc.iqd  at ‘1’hc  Ll]]ivcrsily  of “J’cxas

at hi Paw has prowl  invaiuabk  for [he. anaiysis  ald
i(ic{itifica(iorl  of mocks  art(t II Icr(ic faniiiics  fc)r rc.sonal(ns
of various p,coIIIc.tI  its. ‘1’tlc. software. alsc) SIIOWS
I)loItlisc  as a 100i for oJ)ti111i7.atioIl of IICW Icso]ialor
cic.signs. Cul IcIIt  uses irdu(ic (iC.sifgi of ol)tinluln si7c4i
dicicctric rcsmlalors for lnihil[]i7.c4i  waii iossc.s, aII(i nc.w
rc.sol}alor gc.olllc.lrics  f o r  lc.rtl~mlatulc coIIIJmrIsalc.(i
rc.sonalors. ‘1’he operat ional  charactc.ris[ics  of tiIc
soflwarc.  and tiIc gc.nc.ral Ilic.tlm(i(rlogy for USC of llIc.
soflwirc.  as a iaimmtory  all(i  clc.si~l)  Kmi arc riiwumc~.

lnt reduction

Rc.cc,rlliy,  w h i s p e r i n g  gaiic.ry mocic. (WGM)
lc.so[lators c.ollsislin~ of a sai)j)hirc ciidc.clric  cicmcJI[  ii)

a niclaliic  Col)tail]c.r,  as in ];igurc, 1, ilavc. nla(ie possit)ic
ncw capabilities for niiuowavc.  oscillator l)llasc. noise
and frc.cpcmcy stabiiily  [1 ,?,3,4]. Witil higi) a7.illlulilai
mock Ilumtms,  tiIc.sc  rcs(mators  isoiate rariio-frcqmvlcy

cmmgy 10 [hc {iiclcclIic clcmmt[ and away from Ihc

*
‘l”tIe rcscaTch descritxd  in this palwr  was ca!licd  OLI1 61 dIc ~cl

P1.)imlsim,  latmrd!ory, Califcm,ia  lr)sliluk-  of ‘Icct,,, c,logy,  uIIdcr a
COIIITa  CI wih d)c h’a[ior)al  Aeronautics and Sp~CC  Adrrtillislra(iml.

mc.taliic corltail]cr, tiIus JJrovi(iillp, c.xllaor(iil[aliiy high
~iuaiity faclo Is (<)’s >10 Illiliioli). llc.si~n allct :irl:ilysis
of suCiI  a rcsolmlor  with a cc.r lai[] frccluc.ltcy allrl <)
requires a firii[c clcr]ic.rl[ IIJctho(i  (J;lihf) II Io[ic.I u’iii]
ili~ilc.r  rcsolutioli  aIIri a c c u r a c y  tllarl aIIy ~lrcviously
avaiiabic..

Modclin& (;llallctlges

I’ilc. ci)ar:iclc.ristics alId c.xcc.l)tior)ai ])ro~mr(ics  of
s.al)~diiic  whis~)cli]lg  g:illc.ry Ilio(lc. :c.somlors  rllakc. Illcln
]mllicular]y  cl]alicrlp,il)g  10 rIIocicI  using fll]i[c  C.lclncll[
analysis. “1’hc. firlilc. cicrIIc.111  iIIotici  musl aliow f o r
wi(ir.ly (iis~mralc. ficl(i Illay,llilucic.s ill order 10 resolve tile
hyl)]id  fields  th:il  c.xist  ill WGh4 rc.sm)ators.  ‘1’llc.
Clcclror)lagllc[ic flc.](is of wi]is])c.r  i[lg ~aiic.ry rno(ics  aIc,
w’c.ii cwflrmi (0 [tic sa~)jhirc  clcriwrtl 15], ‘J’his clc;ilcs
arc.as of ili@l fic.lci s[rcmg[il  irl t he  sa])rd]irc. an(i weak
flc.i(l atcss ou(si(ic  llIc.  sa~)l)ili[c,  ]nc.sc.rllirlg  a subslali[ial

burden f o r  ally  c:ilcula[icmal tcchlliquc.  Accuralc.
]Ilocic.lillg  of tiIc.sc.  cri(ical  arc.as Icxiuirc.s a higi] l;l~h~
rmic (icrtsity  10 ~wovi(ic  sufflcicx)l  lcsolulic)r).  IIccausc

even slIIail w’ali losses ale. illi~m [alit for l]rcscr villg lim
very iligil Q’s, accurate  c:iiculalicm  of tiIc. low field
slrc.rlglils  at lhc. corltaillcr wall  by (iIc.  I;l;.M rnrxic.i  is
cssc.r]li:ii.  };urlilcr[llolc.,  tile coul)litlg ~mrls f o r  o u r
WGM  rc.soIlalor  arc. l(walc4i  irl tlIc. cvallc.scc.rll  region, an(i
s o  arl a ccu ra t e  dclc.rlliillatiorl  of tiIc.sc. w’cak ficici
slrc21gliIs  is ]Ic.ccswy  to (iC.[c.r[lli[lc  rcsorlator  coupling.

10.hfl soflwarc. rlius[ c.iimil]atc  s~lurious IIIO(iC.S
without losirly, any of the nla!ly  nm(ks  foutl(i iIl a R’(ihl
resonator. “1’hc, tillisotrol~y of tiIc. salqdlirc  (iiclcctl ic
]Iiusl also tw. collsi(ic.rcxi for III o~m 1 ‘l.h4 rnc~riciirl[:.
Wtmrl l}IC 7.-axis is alignc.ci w’i[lt Iitc sqqjtlirc  cryslal  C-
axis, tim rc. sorl:itor is anisolro])ic ill two ciimc.rlsio]ls
with fz, =llallCi~r=Crj) :9. A lhrcc.-ciiriicmiorml



}’1;h4 allcrwiTig full ~ca[nlcn[  of sa~qdlirc.’s allisohopic
dic.lcxltic  cr31Nrnt, would requite. such a large. llul]lbcr  of
clc.rlmts  as Kr bc inl~~laclical. A~)lmxin]rrtc. atlalylical
Inc.ll]ods  arc. usc.fu] for some gccrnlc.ltic.s, but a new
a p p r o a c h  would  he. rc.qu ircd for cvc.ry c.hangc ill
gcmllctry. A {w’c)-dill~c.l]sional  firlitc c.lcnmri~ alJ1woach,
Imwc.vc.r,  allows  easy [rca(rncnl  of any cylindrically
syn IIIVX1  ic rcmtlamr gcomctr-y.
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5.0 cm

l:igurc 1. Sa]q)hirc Rcso[lalor  in Cbllailllrlc.111 (M

IIc.cause. lhc (tictc.ctric  ccrllslanl for s:q)p}lirc.
SIIOWJS  Cyli I](iri  C:il  syililllC.(ry,  a (v,,o  (linlc.llsiorl~l

Irc.atmcnl is allowc,d  for (}K im]mlanl  case, V,hc.rc. its
clyslal c :ixis is ali~nc.rl  with a  ]Jhysical  ax i s  o f
axisymniclry. V4hilc. ruling out most aniscrtrol]ic
dic.lcctlic  collfiguralirrl]s,  this al]proach makes possible.
tlm firsl Iw’c)-(lilllcrlsiorlal  fil)ilc clclnc.111 lrc.all]iclll  f o r
sa])phirc. “whispc.rin~  gallc.ry”  rcsollators. l:or lhc.
diffcm.r~l  mcrdcs of a givcll c i r cu l a r ly  symmc.tric
gccmlctry$ tlm CYRIS  21J fillilc. clcnm]i[ packa~c, ul]rlcr
dc.vc.lol)mclll  at Il)c llnivcrsily  of “1’c.xas  at 1~1 l’aso,
a l l o w s  (Ic.[crlllillzt(io[l  of r e s o n a n t  frcqucwcics  a n d
visual  i7.a[ion  of the C.lcclrc)lllag[  ic.lic fic.lrts  [6,7].

A finite. c.lc.rnc.nt  mm]] of rcclilillc.ar  m curved
clc.mc.nls clc.fillc.s t he  r e sona to r  i n  lhc. r-z. ]]lanc.
hiaxwcll’s  cqua{ic)l]s for [hc alliso[ro~)ic case arc, sc)lvcd
for tlm cxoss  scc[ion,  ‘1’o cornplcm  the 31) solution, the.
mc.thod  assunlcs  a sinusoidal dcjxndcncc. in az.ilnulh,
‘1’lm 21J solu[ion  is ])rojm[cd  around [he.  rc.solla[or  by
ll”ltllliIJlicalic)rl w i t h  lhc az. imuttlal  s i n u s o i d a l
dc~mdc.r]cc..  “I”hcsc  fic.ld solu(ions  provide r lhc rcsonaril
frcqucncic.s  and c.avily Q’s(dc(c.rll~ir]c.d  by will lossc.s) of
c.ac.h mode. A penalty term in the. vcclor }Icln~hol(~,
c.quations is used to suppms  sl)urious solu[imis  from
appearing in lhc. final list of rcsonanl mrxhx.

Validation

l)urir)g  (tcvc.lopmcnt  lhc I;Iihl  s o lu t i ons  we re

c.orliparcd widl sc.vc.ral  analytically dctrmninc.d  sohllior]s
to test tlIc. sof(u’arc.  U~ror~  dc.live.ry tc) J} ’I, from U’I”E,l’
the. sof[warc.  unrtcnvc.r]t  ad(ii[io])al  validation tc.s(ing [o
dc.krjni]lc.  ttm l~i{hf IIIcrcicJ’s  accuracy lilllits for diffc.rc.llt
Imstl Clc.l)silic.s. l;igurc. 2 shows Lhc.  fractional frc.qucrlcy
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Azinlutt)al  Mode Nunlkwr

I~igurc. ?. 1~1.h4 l)a(a  Corrt~]:ircd [o A n a l y t i c
Soluliml  for ar] l:rllll[y Coaxial Rcscmalor

c.r[or  o f  dlc. CYI<l{S Incrdc, so]u[iorls  f o r  arl c.n]ljly
c o a x i a l  rc.soria(ol corlllmrc.d  10 tllc arl:ilylic c.xact
solutior].  As sc.cn irl IIic f igure ,  (1IC largcsl  c.rror is
about  6.5 lmrts ]W.r rnilliml.
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l;igurc.  3. }’l{hd calcuhi[wi  WGhfi  frc.qucncics f o r
rtiffcrcnl  nicsh densities corn~)arcd to l abo ra to ry
nica$urcnmrLs

IIigll JI]C.SII  dcrlsi[ics  for }’llhf c.alcula[iorls  poducc
higher accuracy rcsu](s wilh grc.atc.r rc.solulion, “1’hc
trcrP2.flLs  of superior accuracy arc. achiwcd  at lhc. c.xIxXKm
of corll]mtatiorla! corllp]cxity  arid s~rcc.d. ‘1’y~]ic.ally, our
C}mc.r] quadrilalc.r:il  c.lcrnclll “full lliC.Sh” conlairls about
?.00 rmrks. Calculatiml of Ihc rcsorlanl niodc solu[ions

is also ~Kxforillcd  at half [his  ll]csl) dc.rlsily (half rnc.sh)



and double [his dc.nsi[y (double Illcsh),  which
rCS1rczlivCly  rcduw  and incrmsc the nulllbcr of noclc.s try
a factor  of four. Figure 3 shows the. half, full and
ctoublc  I(icsh dens i t y  FJ;h4 ca l cu la t ed  rc.sonanl
frcqucmcics  for the W(ih4 rc.sona[or  of }’igurc  1. ‘Ihc
points  which fall along the double mc.sh line arc the.
laborzrlcrry nmasurc.rnc.nw of llm monant frcqucl)cics.

By  choosing a full mesh dc.rlsity  of suffic.icr]t
accuracy w can usc lhc half mesh and double nlc.sh
cahdatims to cxtrapolalc  F1;h4 solutions to an infll]itc.
rncsh dc!lsi[y,  thcmby providing cxcc.llcrlt r]iodding
accuracy for a rnodcst computalicmal  cxlmsc. } ‘igurc  4
shows Lhc. fractional frc.quc.r)cy diffcrc.rlcc. Of IIIC (Ilrw

mesh dc]lsilics  and the mc.awrcd da[a frwn L}IC
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Iiigurc  4 . I)iffcrcncc comparison of 1’1;h4
c.a!culatc.d frcquc.ncics  for diffc.rent rtlcsh dcmsitic.s to
labm Nory IIlcas(lrc.lllc.ills (mm  cqua]s c.xtral)c)lalion  to
infinite mesh)
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}~igurc. 5. Crlculatcct  }~}ih4 }~rc.qucrlcy offsc.t  v s .
Mc.sh IJcnsity

c.xlra]x)lalioll  (c) infinite. rncsh  based 011 full arid doub]c.
rnc.shcs dc.fine.s the mro on the. y-axis. ‘1’hc  Incasur  c41

data ]roirl(s  arc also ]do[tcd  arid fall no more. than 0.5%
above. the. cxlrapcrlatc.d  solu~ion.  Also shown is the.
“Extrapolation from F’ull h4c.sh” that usc.s only lhc half
and full rnc.sh  solutions to c.x[ra]mlatc  to an i]lfinitc.
rncsh  solution.

}Iighrr ordc.r modes intrinsically require highc.r
rcsohrlicm  calcul:ilions  [0 provide accuracy Cquivalc.t][  [0
lCWCJ  order Inodc  solutions. l;igurc 5 shows the offsc.t
fro~~l the. illfini[c. mesh mode frcquc.rlcy solu~ions  of the
different nlcsh cicllsitic.s for d iffc.rent ordc.r nlodcs,  “1’hc
nearly straighl line ~)lots  lend crc.dc.nm to Lhc quadratic
C.xlrapolat iol] ~wocc4turc.  usc41 for l;igurc 4.

I ,aboratory ‘1’001

3’JIc  CY}<l,S l;l{hl Il)odclilig  software. tlas bcc]l
prc.donlilm[cly  usc(i as a laboratory tool for mode
idc.r[tific[i[icrn and analysis. Currc.llt  laboratory rc.scarct]
proccdurc.s  for rc.search resonators make full usc of lhc
SOftwarc ]mcka~c, tJsc of llIc. sof[warc requires
the r]la[c.ria]  lm)l)crlic.s and di[i]cnsio]ls  of the radial CIOSS
Sc.climl bc. wrillcn ill all inlmt fllc. “1’hc, 1’C based lJrc-
proccssor gene.rates a mesh of s]}cciftcd density defining
LIIC Icmlmtor  :illd ils bou]hry  conditions. ‘J’hc.  rncsll
irlformation fct.ds the JOlh4 Jmcc.ssor  rllllrlill~  C)II a Surl
work.  slalion or Clay su]Jc.rcoI[l])L]tc.r.  Oulj)ul for c.nch
a~.illlutllal rllmtc Ilunllwr  illcludcs  a  lisl o f  cavily
rcson:illl frc.qucncics  and wall loss Q’s, and a file. of
vc.ctc)r r]lagl]clic field value.s. “J’lIc field file. is ])osl-
Iwcc.sscd on a }’C to graphically disl)lay the [nagnctic
and c.lc.clric field wclors in !hrcc. diffcrc.llt rc.sonalor
cross scc[iol]s. The field viwralimtiori  is used to iabcl
IIIC, modes in the. sof[warc’s  list solulicms.

In llIc laboratory, mmic.s arc fou;l(i  by swccJ)i]lg  lhc
in]m[ frcqucllcy and loggi[i~ LIIC.  frc.qucnry, Q, and
cou])ling  cocfflcic.nt for c.ach rcsona[lt mode.. 3’his list is
then prc.linlinari]y nlatchcd  by frc.qucncy  with the finilc
c.lcrnc.rjt dala. Rc.cause of the arrangcmc.r]t  of our
coupling ])orts  it is not l)ossiblc,  to cxpc.rime.n[ally find
all of lhc, rnodcs  indica[c.d  by the. I:J; M calculaliorrs.
Analysis of Lhc clcctromagnc.tic  visuali~.alien of the.
rc.senator cross section identifies the cxpcri[l”lcnlal nKKic.s
for the gcol[lctry. Iix])criI]~c.Iltally,  t]igh Q (>5 r]lilliml)
whisJ)cring  gallc.ry  I[]odc.s arc found to have. wc.ak
coupling to the output port due. to the, low field strcngd]
near the can u’all, I,ow Q mode.s arc often fourl(i  to be.
strongly couplr.d  to the ouIput port, the.rcby indicating a
rclalivcly  l a r g e  fic.ld s[rc.llg[h  a( [he c a n  wall. A
slrongly  coupled high Q rmdc  indica[cs  a WC]] bchrrwd
first order high a~.illlulhal tlulnbcr whis]ming  gal]cry
rnodc whicl~ can reach design Q’s (>1? million) when
]mopc.r]y  (critically or slightly wc.ak]y) coupled to the.
Out]]ut ])cwt.

cxhaj)olation  to infinite. mc.sh dc.nsity. A quadratic
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Using this information, k moclcs arc ictcmlificd arid
grouped into whispering gallery mortc fanli]ic.s by
comparing the. charam.ris[ics  crf the measured rc.so~lan[
modes m the those of the FEM modes.

As a laboratory analysis tool the software  can
sug~cst  ]m.rformancc  dc.ficicmcic.s of a ~]arlicular  nmdc,
indica(c. possib]c dc.sign  illlPrO\lC.IllC.  Il(S, and idclltify
possible. nmdc compcli[ion.

IIesign Tool

hforc inlporlanl  lhan lhc. software.’s ability to
moctcl c.xisling  rc.sonalors,  m a y  IX its dc.si~n

callabili[ic.s  f o r  ncw rc.sonalols.  ‘1’hc, I+WI solllliorl’s
have shown (o pmpc.rly  and accurate.]y n~odc]  every
rc.sona(or  wc have construclc~i, It is c.xl~c.c.tcd that the
soflwarc.’s  Imrforn]allc.c will bc silnilar for ric.w rcsollalor
designs  of  cylinclrica] syn~lllc.(ry ill rlictcctric  a n d
g,c.oinc.lry.

Nc.w rcsormtor  gcomctrics  arc being dcvc.lolwd  for
improved performance. including cnhancul  Q’s [8],
slability, coul)ling  control  and,  spur ious  mode
Sul)jmc.ssirm. “J ‘hc software. can model the. ljc.r forn]ancc
of the actual rc.senator. In this way, lhc effects of
gc.o]nclrical  m o d i f i c a t i o n s  o n  [hc rc.sonalors’
pc.rformancc  c a n  bc [c.s[c.d wilhou[ co]ls[ruc~ion  o f
cxpcrimcnlal units. A WCI1 c.onfincd, hig]l Q mcxlc. can
bc ChCNCn around which lhc rcsonritor  syslcrn  will bc
designed. ‘1’tlc a~)pr-op~ialc cavity for low wall losses
alLd proper Cou})ling  can also bc dc.sigIIc41 in Ihc,  procc.ss.

CXhcr  IIiodcs  nc.ar the design frcquc.ncy can bc s[udicd
an(] sc.lcclcd for suppression or usc as diagnostic sigl]als,

Ncw mamials can also bc. ill~]llc.rllcrltcci if (hey
h a v e  at r[ios(  a IWO  d i m e . n s i o n a ]  anisolropy.  A]SO  IhC

Conscquc.nccs of introducing tuning clcrncrils,  ]m)bcs or
other  pcr(urbalic)ns  can bc sludicd. Armhc.r  vc.ry
inlpork?tlt usc is qualifying (hc predictions of the n]arly

qua l i ta t i ve  moctcls  used for prc.liminary dc.siglls of
rcsona(ors.  l~or c.xalnl)lc.$  the software may show that
llIC capacitive mode.1 used [O dc.sign  Inany of our
r e s o n a t o r  tullillg clcmc. nls illl~)ro~)c.rly prc.dic[s lhc
magni(u(tc of the tuning in a ncw design.

Concltlsion
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